Sodium secondary batteries are attracting considerably renewed interest as new battery systems owing to the high and uniform abundance and cost advantages of Na.
Introduction
Driven by the exponentially growing demand for large-scale stationary and vehicular energy storage devices, Na secondary batteries have received renewed research interest owing to the high and uniform abundance, cost advantages, and environmental benignity of Na [1] [2] [3] [4] . Sodium and lithium secondary batteries share many similarities: for example, the Na + -conducting electrolytes that have been investigated are mainly based on nonaqueous organic solvents (typically, propylene carbonate), which parallel the well-developed Li-ion technology [4] [5] [6] . However, the diverse applications expected for Na secondary batteries pose requirements different from those for portable electronics, including a high level of safety, long cycle life, and wide working-temperature span, as well as fast charging/discharging capabilities.
The further development of possible electrolyte materials is therefore essential [7] .
Ionic liquids (ILs) are potentially ideal candidates for this pursuit, owing to their unique suite of properties, including low flammability, negligible vapor pressure, wide liquidus temperature, and high electrochemical/thermal stability [8, 9] . Despite these advantages, only a few publications have detailed IL electrolytes for use in Na secondary batteries [10] [11] [12] [13] , for several reasons. First, a larger interfacial impedance is generally observed for Na cells than for the Li equivalents [14, 15] , primarily caused by the unstable solid electrolyte interphase (SEI) film that forms on Na metal [4] .
Second, ILs typically exhibit high viscosity and inferior ionic conductivity compared to conventional organic electrolytes [5] . Consequently, Na batteries applying ILs have been tested at very low rates (e.g., 10-20 mA g -1 ) and show a strong trade-off between accessible capacity and charge/discharge rates in most cases [11] [12] [13] . In our previous studies, the physical properties of a series of purely inorganic [16] and inorganic-organic hybrid [17] [18] [19] [20] both half and full cells [21] [22] [23] [24] [25] . The results indicate that elevation of the operating temperature effectively facilitates ion transport in the electrolyte and electrode, permitting the cells to be cycled at a current density of 2360 mA g -1 and discharged at a current density higher than 4000 mA g -1 when combined with a suitable electrode material [22] [23] [24] . Although temperatures above 323 K may be considered too high for battery operation, they are practicable and even preferable with the aid of thermally and chemically stable ionic liquid electrolytes. Such environments are not particularly rare, if one considers the engine compartments of automobiles or the constant waste heat generated from devices or machines that operate in our daily lives or industrially.
Alternatively, if the environment is not at an elevated temperature, batteries working at high rates are easily self-heated under appropriate insulating conditions.
Recently, superconcentrated electrolytes composed of aprotic solvents with high Li salt concentrations (i.e., > 3 mol dm -3 ) have received intense attention in the Li battery research community [26] [27] [28] [29] [30] [31] [32] [33] . This new class of electrolytes offers unusual functionality including the facilitated formation of passivation films [26] , inhibited dendritic Li deposition [27, 28] , suppressed corrosion of Al current collectors [29] , and enhanced reductive or oxidative stability [30, 31] . Most importantly, ultrafast electrode kinetics was found for particular systems utilizing Li [FSA] , in spite of their high viscosities [28, 30, 32] . These phenomena were attributed to entirely different solution structures between the highly concentrated electrolyte and the corresponding dilute electrolyte [33] . Our prior work using Na[FSA]-[C 3 C 1 pyrr] [FSA] showed that the rate capability of the NaCrO 2 positive electrode could be improved by adjusting the Na[FSA] content [18] . Layered-structured sodium transition metal oxides (such as NaCrO 2 ) are attractive intercalation hosts; however, they are prone to undergo successive phase transformations induced by oxygen layer glides at specific Na contents [2] [3] [4] . The kinetic energy barrier for the phase transition is a complex interplay of multiple experimental factors, making a comprehensive understanding of the electrochemical results challenging.
To clarify the role of the electrolyte in improved electrode kinetics, an electrode material that has been thoroughly studied is preferable. Further, it must be a good Na host material, allowing the reversible and facile insertion and extraction of Na + . The Na 2 FeP 2 O 7 positive electrode was first reported by Yamada et al. in 2012 [34] .
Atomistic simulation studies revealed that Na 2 FeP 2 O 7 supports favorable three-dimensional Na ion diffusion paths with acceptably low activation energies, and hence, high Na + mobility [35] . This assertion was experimentally verified in a number of publications [36] [37] [38] , including ours involving ILs [24, 39] . In this work, the electrode characteristics of Na 2 FeP 2 O 7 positive electrodes in the
were investigated as a function of both Na salt fraction and working temperature. This imidazolium-based IL exhibits higher ionic conductivity and lower viscosity than the corresponding pyrrolidinium-based IL [19, 20] . Transport and structural properties are described in the first part of the paper. were also prepared. The apparent transport number was measured for a symmetric Na/Na 2032 type coin cell at 363 K using an ac-dc method [40, 41] , as described in our previous study (see Ref. 19 for a discussion of the apparent transport number concept). Measurements at each concentration were performed at least three times to ensure reproducibility. Raman spectra were recorded at 298 and 363 K using a Nanofinder 30 (Tokyo Instruments Inc.) microfocus Raman spectrometer with a 532 nm He-Ne laser. Peak deconvolution of the Raman spectra was performed using the Voigt function. samples were analyzed by X-ray diffraction (XRD), using a Rigaku SmartLab diffractometer equipped with a one-dimensional high-speed Si strip detector (D/teX Ultra) and utilizing Cu Kα radiation (40 kV and 30 mA). Structural refinements were carried out by the Rietveld method with an iterative procedure using the software package PDXL-2 (Rigaku).
Electrochemical Measurements
The charge-discharge tests were performed with a Bio-Logic VSP potentiostat or a charge-discharge unit ( the bulk conductivity is broadly observed with increasing Na or Li salt concentrations in ILs, which is related to the increased viscosity [10, 11, 19, 20, 42] . These findings suggest that the addition of the Na salt leads to system measured under similar conditions [19] . The Na + ion conductivity, their ordering [36] . Furthermore, a distinct drop (~0.08 V) between the first and subsequent charging profiles is observed, in agreement with previous studies [24, 37, 38] . Owing to the effective elimination of impurities by water washing, the reversible capacity increases from 93 to 96.5 mAh g -1 , closely approaching the theoretical capacity of 97 mAh g -1
Results and discussion
.
The effects of the synthetic and electrode processing atmosphere on the Na stoichiometry of Na 2 FeP 2 O 7 was further investigated using charge-discharge tests, starting with discharging (pre-discharge), as proposed by Kim et al [37] .
Spontaneous desodiation from Na 2 FeP 2 O 7 upon synthesis and/or processing was found, most likely caused by oxidative contamination on the particle surface with the formation of Fe 3+ -containing phases (see Supplementary material for details). A closer look at the charge-discharge curves starting with discharge reveals that the voltage drop between the first charging and subsequent profiles no longer occurs, implying that the profile shift observed in Fig. 2 IL is also shown for comparison (Fig. 3b) . The cells were charged to 4.0 V at a constant current of 10 mA g -1 and subsequently discharged to 2.0 V at various current densities from 20 to 4000 mA g -1 . The capacity decreases with increasing discharging rate in both the ILs at 298 K, whereas the rate capability [49] . Imidazolium-based IL electrolytes that generally exhibit a higher ionic conductivity than those of their pyrrolidinium or piperidinium analogues were thoroughly investigated for Li-ion battery applications. However, only a few examples using imidazolium-based IL electrolytes are available for Na secondary batteries [10, 20] . This can be ascribed to the facts that the study of new electrolytes for Na secondary batteries has received less attention and the current electrolyte choice is very limited [5] .
To unravel the effect of the cationic structure on the cell, electrochemical impedance measurements were performed on Na/Na demonstrating that the former is beneficial toward efficient Na + transport in the electrolyte as well as electron transfer at the electrode interface, which together lead to the enhanced electrode kinetics.
Common approaches to improving the rate capabilities of cells include the nanostructuring and surface modification of the active materials and the reduction of electrode thickness; these strategies are generally used in tandem to maximize performance [51] . These methods have been adopted because the diffusion of Na + or Li + within the electrode has long been considered a sluggish process, and thus, the rate determining step [52, 53] . On the other hand, various lines of evidence suggest that the electrolyte is the limiting factor for high rate performance [28, 30, 32, 42, 47] . MacFarlane and co-workers reported that the The rate capability far exceeded that in the currently used commercial electrolytes [30, 32] . In the latter case, almost all solvent molecules and reaction-irrelevant ions were coordinated to Li 1-n , in contrast to the common belief that Na diffusion within the bulk electrolyte or electrode restricts the reaction kinetics. The preparation method for composite electrodes may also affect the Na + diffusion, and the study on this point is now underway.
An in situ XRD study was performed to investigate the structural changes of Na 2 FeP 2 O 7 during electrochemical cycling at 363 K; the results are shown in Intensity / a. u.
charging to 4.0 V. Nevertheless, the change and shift of the Bragg peak positions appear to be completely reversible. Over the series of diffraction patterns for this Na 2 FeP 2 O 7 at 363 K, the appearance of a new phase at the expense of the other was not confirmed. Accordingly, Na insertion/extraction within the Na 2 FeP 2 O 7 proceeds without strong modification of the crystal framework, implying the possibility of a single-phase reaction [36] . Our XRD patterns are in good agreement with previously simulated results for which the most stable desodiated structures with different Na contents were optimized by density functional theory (DFT) calculations [37] .
As shown in Fig. 7a , the combination of the structurally robust Na 2 FeP 2 O 7 
Conclusions
In summary, we found that Na secondary batteries with ultrahigh rate capability and long life can be achieved by using highly concentrated FSA − -based IL electrolytes and a Na 2 FeP 2 O 7 positive electrode with three-dimensional Na + diffusion paths.
Raman spectral analysis revealed that a synergistic effect of the concentration and temperature on the Na + coordination sheath structure resulted in altered interfacial chemistry and electrochemical characteristics in comparison to the dilute system. The cell can operate at a current density that is higher than most known Na secondary batteries [11] [12] [13] applying an IL electrolyte by two or three orders of magnitude (e.g., 20000 mA g -1 ). Fairly stable cyclability up to 1500 cycles with nearly 100% coulombic efficiency at 1000 mA g -1 was also demonstrated. This work conclusively reveals that increasing Na salt fraction in the IL electrolyte and elevating the working temperature over a certain threshold can be an easy-to-use strategy for Na secondary batteries, simultaneously satisfying safety-and performance-related requirements.
